Chemical vapor deposition (CVD) is typically used for large-scale graphene synthesis for practical applications. However, the inferior electronic properties of CVD graphene are one of the key problems to be solved. Therefore, we present a detailed study on the electronic properties of high-quality single-crystal monolayer graphene. The graphene is grown via CVD on copper, by using a cold-wall reactor, and then transferred to Si/SiO 2 . Our low-temperature magneto-transport data demonstrate that the characteristics of the single-crystal CVD graphene samples are superior to those of polycrystalline graphene and have a quality which is comparable to that of exfoliated graphene on Si/SiO 2 . The Dirac point in our best samples occurs at back-gate voltages lower than 10 V, and a maximum mobility of 11,000 cm 2 /(V·s) is attained. More than 12 flat and discernible half-integer quantum Hall plateaus occur under a high magnetic field on both the electron and hole sides of the Dirac point. At a low magnetic field, the magnetoresistance exhibits a weak localization peak. Using the theory of McCann et al., we obtain inelastic scattering lengths of >1 μm, even at the charge neutrality point of the samples.
Nano Res. 2016, 9(6): 1823-1830 transferred to other substrates. Unfortunately the quality of most CVD graphene is not yet comparable to that of exfoliated graphene, because CVD graphene is typically polycrystalline, and the lattice mismatch between graphene and the metal substrate introduces defects in CVD graphene [14] .
Several protocols, including a dry transfer technique and the use of hexagonal boron nitride (h-BN) flakes as substrates, have resulted in improved electrical characteristics of CVD-graphene [15] . Dry transfer can reduce the transfer-related contamination, thereby minimizing the extrinsic doping of CVD graphene. Furthermore, h-BN substrates have atomically-smooth surfaces and only a small lattice mismatch with graphene, and hence the substrate-induced scattering is reduced. The h-BN flakes are extremely small, however, and hence a cumbersome aligned-transfer of graphene is required, and device dimensions are limited [15] . To enable large-scale devices of highquality graphene, we recently proposed a method for the CVD synthesis of large (i.e., several millimeters in size) single crystals of graphene [12] . This technique produces well-isolated large crystals of graphene, which can be readily used for electrical characterization without the need for graphene etching, thereby avoiding the consequent potential degradation of device performance. In the present work, we transfer graphene onto Si/SiO 2 by using electrochemical delamination to remove the graphene from the growth substrate [16] , rather than the traditional method, which relies on the wet-etching of copper [9] . This prevents unintentional doping of graphene by the etchant residues, a common issue with transferred CVD-graphene [17] .
In our previous work, CVD graphene was characterized via optical microscopy, scanning electron microscopy, X-ray photoelectron spectroscopy, Raman spectroscopy as well as selected area electron diffraction, and low-energy electron diffraction [12] . Here, we focus on investigating the quantum Hall effect (QHE) and weak localization (WL) that are often used to evaluate the quality of graphene sheets as probes of carrier scattering at low temperatures. The QHE in graphene differs from that of other conventional 2D systems, owing to the non-zero Berry phase in the electron wave function [18, 19] . This leads to the formation of half-integer quantum Hall plateaus in both the exfoliated [1, 2, 20, 21] and the CVD graphene [15, [22] [23] [24] . In this work, we obtained significantly improved QHE data, compared to these data typically observed in CVD graphene, and even those reported for single-crystal CVD graphene deposited on h-BN [15] : We observe more than 12 flat and discernible half-integer quantum Hall plateaus. These results are comparable to the best observations reported for exfoliated graphene on SiO 2 . The WL (or weak antilocalization (WAL)) in graphene has been extensively studied [22, 23, [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] . WL constitutes a powerful tool for probing the carrier scattering and phase coherence in graphene. In this study, we show inelastic scattering lengths exceeding 1 μm even at the Dirac point, which favorably compares to the performance of exfoliated graphene. By determining the dephasing scattering time, we find that electron-electron interactions are the main inelastic scattering mechanism in our samples.
Experimental
Large crystals of CVD graphene were synthesized on a copper foil via low-pressure CVD, as described in Ref. [12] . The samples were spin-coated with a poly(methyl methacrylate) (PMMA) support film, and the graphene/PMMA stack was removed from the Cu substrate by electrochemical delamination [16] . It was then transferred onto a 300-nm SiO 2 on degenerately doped Si substrates. The devices investigated in this study are as large as 50 μm × 70 μm. Metallic contacts (Cr/Au: 5 nm/60 nm) were defined via electron beam lithography and thermal evaporation. The data reported in this article were obtained from two devices. An optical micrograph of Device-1 is shown in the inset of Fig. 1 (b) (Device-2 has the same configuration). In order to tune the carrier density of these graphene devices, a back-gate voltage (V BG ) was applied during the measurements. These measurements were all performed by using a lock-in technique, in a Heliox Helium-3 cryostat with a base temperature of 250 mK. In addition, a four-point configuration was used for magnetoresistance measurements. The longitudinal and transversal resistances are defined as R xx = V 12 /I SD and R xy = V 14 /I SD , respectively, where V ij is the voltage drop measured between contacts i and j and I SD is the applied source-drain current. Nano Res. 2016, 9(6): 1823-1830 
Results and discussion
Figure 1(a) shows the measured four-point longitudinal resistance (R xx ) as a function of the back-gate voltage (V BG ) for Device-1 at zero magnetic field; the peak at V BG ≈ 26 V corresponds to the Dirac point of the device. The same measurement was also performed on Device-2, and in that case, the Dirac point occurred at 9 V (see the inset of Fig. 2(a) ). The upper x-axis of Fig. 1 shows the carrier concentration (n) which varies with V BG as, n ≈ C G |V BG -V Dirac |/e [35] ; C G and e are the gate capacitance per area (11.5 nF/cm 2 , for 300-nm oxide) and the elementary charge, respectively. The mobility μ of our devices was determined from μ = 1/neρ, where ρ is the resistivity at B = 0 T. A four-point mobility, away from the Dirac point, of 8,200 cm 2 /(V·s) was determined for Device-1, and a higher value of 11,000 cm 2 /(V·s) was obtained for Device-2. Figure 1(b) shows the diffusion coefficient D as a function of V BG . D = ν F l/2, i.e., the product of the mean free path, l = h/2e 2 k F ρ [28] , and the Fermi velocity (ν F ) (ν F = 1.1 × 10 6 m/s, for graphene [35] ); k F = (πn) 1/2 and is the value of the Fermi wave number. This simple model does not consider the residual carrier density (at the Dirac point) that results from the formation of electron-hole puddles. Therefore, D is overestimated close to the Dirac point, leading to a cusp-like artifact. The magnetic field was set to 4.0 T and V BG was swept from -40 to 60 V. Several half-integer quantum Hall plateaus occur, for both the electron and hole branches. Figure 2 (b) shows the QHE trace recorded at a fixed V BG (13 V), while sweeping the magnetic field. The ν = ±6 plateaus are centered at ±2.2 T, which corresponds to a carrier density of (3.2 ± 0.1) × 10 11 cm -2 . This is consistent with the value ((2.9 ± 0.2) × 10 11 cm -2 ) extracted from the R xx -V BG curve at V BG = 13 V (inset of Fig. 2(a) ). In general, this sample has a low intrinsic carrier concentration (at V BG = 0 V, hole concentration is 6.4 × 10 11 cm -2 ). This concentration is, in fact, one order of magnitude lower than the values typically reported for CVD graphene on SiO 2 [22, 23, 32, 34] . More importantly, this low value is indicative of the low level of impurities and defects in our material. Samples of comparable quality have been reported for exfoliated graphene on SiO 2 , which is typically considered a low defect-level material. This suggests that the SiO 2 substrate is a key limiting factor in the studied devices [36] .
Figure 2(c) shows the Landau fan diagram for Device-2, where log(R xx ) is plotted as a function of V BG and the magnetic field B: More than 12 Landau levels occur in this diagram. Compared with previous reports on CVD graphene [22, 23] , the QHE here is much improved with respect to devices implemented on Si/SiO 2 .
WL, resulting from quantum interference effects in 2D systems [37] , may lead to increased carrier backscattering probability and hence, an increase in the zero-field resistance. In fact, the resistance will return to its classical value at finite magnetic fields, since the interference effect is suppressed at even moderate non-zero fields. Figure 3(a) shows the normalized [33] and symmetrized [34] magnetoresistance data (R xx -R 0 )/R 0 2 ; R 0 is the resistance at B = 0 T. Data were taken from Device-1, at a fixed temperature of 250 mK, for several selected V BG values. All curves exhibit features that result from WL, i.e., a resistivity peak occurs at B  0 T. The temperature dependence of the WL at the Dirac point (V BG = 26 V) is shown in Fig. 3(b) . The exhibited behavior is the same as that observed for exfoliated graphene [27, 28] . The WL peak broadens with increasing temperature and is no longer observed at high temperatures (for Device-2, the peak completely disappears at 20 K). At the lowest temperatures, weak oscillations occur in the magnetoresistance data, superimposed to the WL traces. These are most likely mesoscopic conductance fluctuations, as evidenced by their disappearance with increasing temperature (see Fig. 3 (b) and Ref. [38] ). The phenomenology of WL in graphene is different from that observed in conventional 2D systems. This phenomenology includes a sensitivity to inelastic scattering, spin-flip processes, and breaking of the chiral symmetry [39] [40] [41] . We analyzed the scattering in our CVD graphene samples, by using the theory proposed by McCann et al. [40] and the function provided in Ref. [33] 
where On the other hand, the dephasing scattering length L φ exhibits a strong dependence on the carrier density. L φ has a minimum value of 1 μm at the Dirac point and higher values occur with increasing electron (hole) density. In other words, the inelastic scattering and elastic scattering are strongly dependent and only weakly dependent, respectively, on the carrier density. The scattering lengths may be listed in descending order of magnitude, i.e., L φ > L iv > L * , as in the case of previous studies on graphene [22, 29, 31, 32] . In particular, in Ref. [29] , the minimum value of L φ at the Dirac point, was attributed to the charge inhomogeneity of the sample at low carrier density; this low density results from the formation of electron-hole puddles.
The temperature dependence of the scattering lengths at three selected V BG , is shown in Fig. 4(c) . We found that the intervalley scattering length L iv and the intravalley scattering length L * are only weakly temperature dependent. On the other hand, the dephasing scattering length L φ is not only carrierdensity dependent, but also strongly temperature dependent. L φ increases with lower temperatures and saturates for the lowest temperatures at a temperature T sat . This cannot be attributed to a saturation of the electron temperature in the sample, since significantly different results were obtained when similar samples were measured at 1 K and 250 mK [33] . The saturation of L φ was also reported in other studies [27] [28] [29] , albeit mainly in the case of exfoliated graphene. For example, the carrier-density dependence of T sat was demonstrated in Refs. [28, 29] . Ki et al. suggested that the observed saturation of L φ at the lowest temperatures could be related to electron-hole puddles [29] . However, the L φ obtained in this study is significantly larger than those obtained in previous studies on CVD graphene [22, 23, 32] . This demonstrates the high quality of our CVD graphene, and explains the non-saturation of L φ in these studies.
Inelastic scattering is considered the dominant Nano Res. 2016, 9(6): 1823-1830 mechanism of electron-electron interaction [27] [28] [29] 42] in graphene, at low temperatures. This is consistent with our observation that the inelastic scattering time is the only factor, which exhibits a strong dependence on the carrier density (see Fig. 4(a) ). To verify this dependence, we examined the temperature dependence of the dephasing time  φ , obtained by fitting the experimental data to Eq. (1). Figure 5(a) shows  φ as a function of T -1 , for three selected VBG values (i.e., carrier densities). As the figure shows,  φ saturates at
, as previously observed in the case of exfoliated and epitaxial graphene [27, 28, 33, 42, 43] . Moreover, prior to saturation,  φ exhibits a linear dependence on T -1 , as in the case of previous studies [27, 28] . This confirms that electron-electron interactions constitute the main inelastic-scattering mechanism in our CVD graphene. Figure 5(b) shows the dephasing scattering rate as a function of the dimensionless conductivity, g(n) = σ(n)h/e 2 , at 250 mK; σ(n), n, and h are the conductivity, carrier density, and Planck's constant, respectively. The red dashed line is plotted according to the Nyquist scattering function [43, 44] described as [29] B ln( ) fails to reproduce the observed experimental behavior, for V BG closer to the Dirac point. A similar result was reported in Ref. [29] , where authors suggested that electron-electron interactions constitute the main inelastic scattering mechanism in graphene; near the Dirac point, however, an additional inelastic scattering mechanism became dominant; this mechanism may have resulted from electron-hole puddles.
Conclusion
We measured the magnetoresistance and quantum interference effects in single-crystal CVD graphene at low temperatures. Flat and discernible half-integer quantum Hall plateaus were observed at a filling factor of up to ν = ± 30, by sweeping the back-gate voltage at a fixed magnetic field, or vice versa. In order to identify the scattering mechanisms operating in our CVD graphene, we measured the magnetoresistance at low magnetic field, and various back-gate voltages and temperatures. WL was observed even at the Dirac point. We fitted our WL data by using the theory of McCann et al. The results were similar to those reported for exfoliated graphene. Furthermore, we found that the measured dephasing length of our graphene is considerably larger than previously reported values.
As in the case of exfoliated graphene, electron-electron interactions constitute the main dephasing scattering mechanism. The measurements performed in this work demonstrate that graphene devices on SiO 2 , with electronic quality comparable to those obtained by exfoliation, can be realized via CVD.
